R estoRing vision in patients who have lost visual field (VF) or visual acuity (VA) as a result of a tumor compressing the visual pathway has always been a matter of great concern. It is a well-known fact that tumor resection and decompression of the affected anterior visual pathway can lead to visual recovery, but in many cases such recovery is variable and unpredictable.
findings but have had contradictory and conflicting results. 1, 9, 19, 25, 26, 29 Longstanding compression of the visual tract often results in axonal degeneration, demyelination, and impaired signal conduction. 18 Irreversible visual dysfunction occurs when retinal ganglion cell (RGC) axons die and the retinal nerve fiber layer (RNFL) becomes thinner through a phenomenon known as retrograde degeneration. 2, 21 Therefore, visual recovery depends on the amount of injury already inflicted on RGC axons before surgery. Optical coherence tomography (OCT) is a noninvasive in vivo method of quantitatively and objectively measuring RNFL thickness around the optic nerve head. It allows cross-sectional imaging of the retina through echo time delay of a back-scattered infrared and low-coherence light source. Although used primarily in patients with retinal disorders, its clinical application in those with compressive optic neuropathy was found to be relevant to VF sensitivity, suggesting its role in the objective measurement of RGC axons. 30 This discovery led to the hypothesis that OCT can quantify axonal loss by measuring RNFL thickness and thus predict visual outcome before surgery. The utility of OCT as a predictive marker of axonal loss and visual recovery in chiasmal compression by tumors such as pituitary adenoma has already been well established by several publications. 6, 10, 14, 16, 24 In this study, we analyzed the usefulness of OCT as a tool for predicting visual recovery in patients with a parachiasmal meningioma compressing the anterior visual pathway.
methods patient population
From March 2011 to June 2013, a total of 33 patients with visual symptoms proven through ophthalmic screening underwent craniotomy for a meningioma compressing the optic nerve, optic chiasm, or optic tract. Resection ranging from Simpson Grade I to IV 32 was carried out by a single neurosurgeon (J.H.C.) at Yonsei University Health System in Seoul, Republic of Korea. Each patient had a histologically determined WHO Grade I 23 meningioma without adjacent brain invasion. The data on 25 patients (n = 49 eyes) who had undergone complete preoperative ophthalmic examination, including VF and VA testing, and OCT measurement of RNFL thickness were analyzed retrospectively. Postoperative VF and VA assessments were repeated 1 week, 6 months, and 1 year after surgery. Exclusion criteria included unreliable VF and VA testing (> 33% false-positive or false-negative results, fixation loss, or test duration > 7 minutes), unreliable preoperative OCT findings (patients with equivocal, inconsistent RNFL thickness after 3 RNFL measurements using OCT), previous treatment for visual symptoms (medication, radiation, or surgery), any ophthalmic condition other than compressive optic neuropathy, any medical illness (including diabetes mellitus) known to affect the retina or optic nerve, and any postoperative complication that could have seriously influenced visual outcome. Of 33 patients, 8 were excluded from the study and 4 were lost to follow-up, 3 because of inadequate data and 1 because of a medical condition known to affect the retina.
imaging evaluation
To confirm compression of the anterior visual pathway before surgery, we evaluated T2-weighted and Gdenhanced T1-weighted axial, coronal, and sagittal images obtained using a 1.5-T (Sigma, General Electric) or 3.0-T (Achieva, Philips) MRI system. Tumor size was defined as the longest length. Elimination of mass effect on the visual pathway was confirmed by MRI performed within 48 hours and 3 months after surgery.
evaluation of vF by automated perimetry
Standard automated perimetry (SAP) was performed by using the central 30-2 Swedish interactive threshold algorithm on a Humphrey Visual Field Analyzer II (Carl Zeiss Meditec) with a 31.5-apostilb background stimulus. VF was interpreted in terms of mean deviation (MD).
evaluation of rNFl thickness by oct
RNFL thickness was measured after pupil dilation by using a Cirrus OCT (Carl Zeiss Meditec) with software version 5.1.0.96. The optic disc cube 200 × 200 protocol was applied to obtain automatically calculated parameters for each eye, including overall and quadrant (superior, inferior, temporal, nasal) mean RNFL thicknesses around the optic disc. OCT scans were deemed satisfactory only if the signal strength was greater than 7 of 10. A normal RNFL thickness was defined as within the 95% percentile of age-, sex-, and race-matched normative values obtained from the manufacturer's database (Carl Zeiss Meditec). If the measurement was outside 95% of the normal values, the RNFL was determined to be thin. Other principles and applications of OCT were followed as previously described.
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surgical procedure
Four approaches were used according to the tumor size and location and its relationship with the optic nerve axis: frontotemporal, interhemispheric subfrontal, frontal, and supraorbital. In the case of a tumor with no side predominance and a location on the midline, such as the tuberculum sellae, olfactory groove, and planum sphenoidale, the side with the worse vision was chosen. Opening of the falciform ligament was done in every case to remove the tumor at the entrance of the optic canal. Unroofing of the optic canal was performed with a diamond drill only when tumor extension into the optic canal was evident after opening the falciform ligament. Extradural anterior clinoidectomy was performed in selective cases to create a larger corridor into the carotid-optic space.
statistical analysis
Preoperative visual parameters between normal and thin RNFLs were compared by using the 2-sample Student t-test. Differences between the preoperative and serial postoperative visual parameters were assessed in the normal-and thin-RNFL groups by using the paired t-test. Pearson's chi-square test was used to compare categorical variables. Multivariate analysis was performed using binary logistic regression to determine the influence of multiple factors on RNFL thickness that had significant results on univariate analysis. Pearson's correlation coefficients and linear regression analyses were conducted to find any statistical correlation between RNFL thickness (independent variable, in micrometers) and visual parameters (dependent variable). Data analyses were performed using SPSS software version 18.0 for Windows (SAS Institute, Inc.). Two-tailed and p values of ≤ 0.05 were considered statistically significant. Mean values are presented ± SD.
results patient characteristics
There were 23 female (93%) and 2 male patients whose mean age was 51.5 ± 11.2 years (range 31-77 years). The mean duration of visual symptoms before surgery was 8.8 ± 18.7 months (range 0-120 months). Each lesion was confirmed histologically to be a WHO Grade I meningioma (22 meningothelial, 3 transitional) . In reference to the origin of the meningiomas, the majority were tuberculum sellae lesions (68%), and others were sphenoid ridge (8%), olfactory groove (8%), anterior clinoid process (4%), planum sphenoidale (4%), sphenoorbital (4%), or frontal base (4%) lesions. The mean tumor size at the time of diagnosis was 3.0 ± 1.6 cm (range 1-7 cm). Gross-total resection was achieved in 22 (88%) of the 25 patients with a mean Simpson resection grade of 1.5 ± 1.0 (range 1-4). A frontotemporal approach was taken in 64% of the surgeries. The tumors were mostly soft in consistency (64%) and adhered to the undersurface of adjacent brain tissue (52%). Unroofing of the optic canal was performed in every case that involved optic canal invasion (55.1%) (Fig. 1) , and extradural anterior clinoidectomy was performed in 22.4% of the patients. The mean total tapering doses of adjuvant agents used to facilitate visual recovery after surgery were as follows: 2556 ± 2050 ml (range 0-6000 ml) of mannitol for 6.1 ± 4.7 days (range 0-13 days) and 91.6 ± 65.7 mg (range 0-290 mg) of intravenous dexamethasone for 6.2 ± 4.2 days (range 0-18 days) while inpatient; and 255.7 ± 343.9 mg (range 0-1227.5 mg) of oral prednisolone for 24.0 ± 25.3 days (range 0-68 days) while outpatient. The mean follow-up duration after surgery was 15.9 ± 10.3 months (range 3.1-31.7 months).
RNFL thickness (p < 0.01), preoperative VF MD (p < 0.01), preoperative VA (p < 0.01), tumor adherence to the undersurface of adjacent brain tissue (p = 0.025), optic canal invasion (p < 0.01), and unroofing of the optic canal (p < 0.01) showed statistical significance in VF improvement (Table 1) .
baseline visual characteristics
Twenty-eight (57.1%) eyes were categorized as having normal preoperative RNFL thickness (mean thickness 103.6 ± 12.1 µm) and 21 (42.9%) as having a thin RNFL (mean thickness 67.2 ± 13.6 µm). Visual improvement was achieved in 22 (78.6%) of the 28 eyes with normal RNFL thickness and in 1 (4.8%) of the 21 eyes with a thin RNFL. The mean preoperative VF MDs were −5.9 ± 7.0 and −18.1 ± 10.4 dB for the normal-and thin-RNFL groups, respectively. The mean preoperative VA values were 0.7 ± 0.3 and 0.3 ± 0.3 for the normal-and thin-RNFL groups, respectively.
On univariate analysis, statistical differences (p < 0.01) were noted between the normal-and thin-RNFL groups in preoperative VF MD, preoperative VA, tumor adherence to the undersurface of adjacent brain tissue, optic canal invasion, unroofing of the optic canal, and visual improvement at last follow-up (Table 2) . On multivariate analysis, there were no significant factors relating to RNFL thickness. However, preoperative RNFL thickness tended to have a positive correlation with preoperative VF MD (r = 0.502, p < 0.01) (Fig. 2 left) and VA (r = 0.477, p < 0.01) (Fig. 2 right) , which suggests that patients with normal RNFL thickness had better VF and VA. There were no significant differences between the 2 groups in sex, age, tumor size, tumor origin, preoperative visual symptom duration, surgical approach, extent of resection, Simpson resection grade, tumor histology, tumor consistency, need for extradural anterior clinoidectomy, total tapering amount or duration of mannitol, dexamethasone, or prednisolone use after surgery, or postoperative follow-up duration.
overall visual outcome
Patients with normal preoperative RNFL thickness showed significant improvement of their VF MD 6 months after surgery and continued improving 1 year after surgery (MD −5.9 dB before surgery, −5.5 dB 1 week after surgery, −2.8 dB 6 months after surgery [p < 0.01], and −1.1 dB 1 year after surgery [p < 0.01]). On the contrary, those in the thin-RNFL group manifested deterioration at first and then slower, worse visual recovery (MD −18.1 dB before surgery, −22.4 dB 1 week after surgery, −21.2 dB 6 months after surgery, and −19.1 dB 1 year after surgery) (Fig. 3 left) . VA also progressed significantly 6 months after surgery in patients with normal RNFL thickness (0.6 before surgery, 0.7 one week after surgery, 0.9 six months after surgery [p = 0.025], and 0.9 one year after surgery [p = 0.050]) compared with those in the thin-RNFL group (0.3 before surgery, 0.2 one week after surgery, 0.3 six months after surgery, and 0.4 one year after surgery) (Fig.  3 right) . A significant relationship was found between preoperative RNFL thickness and the difference in VF MD 6 months after surgery (from before to 6 months after surgery), with more improvement in patients with normal RNFL thickness than in those with a thin RNFL (p < 0.01) and continued improvement 1 year after surgery (p < 0.01) (Fig. 4) . There was no statistical significance between preoperative RNFL thickness and the difference in VA 6 months and 1 year after surgery. According to the changes in VF MD before and after surgery, patients in the normal-RNFL group recovered significantly more in 6 months (r = −0.545, p = 0.013) and 1 year after surgery (r = −0.911, p < 0.01) (Fig. 5 left) than patients in the thin-RNFL group, regardless of the initial VF severity. A similar pattern was also observed with the changes in VA before and after surgery; the VA of patients with normal RNFL thickness was much better in 6 months (r = −0.819, p < 0.01) and 1 year after surgery (r = −0.828, p < 0.01) (Fig. 5 right) than that of patients with thin RNFL, no matter how bad the initial VA was.
visual outcome in severe vF defect
Of the 49 eyes, 22 (44.9%) turned out to have a preoperative VF MD of less than −10 dB (severe VF defect) (6 and 16 eyes in the normal-and thin-RNFL groups, respectively). Patients in the normal-RNFL group had a wider range of positive improvement in VF MD by 6 months (p = 0.021) and 1 year (p < 0.01) after surgery than those in the thin-RNFL group (Fig. 6 ). For patients with normal RNFL thickness, the differences in VF MD after surgery were 4.8 dB (range −0.5 to 10.9 dB) by 1 week, 6.1 dB (range 0.5-13.4 dB) by 6 months, and 11.1 dB (range 9.0-13.2 dB) by 1 year. Conversely, patients in the thin-RNFL group had a narrower range of improvement in VF MD differences (−3.3 dB [range −14.4 to 6.4 dB] by 1 week, −0.1 dB [range −6.7 to 6.7 dB] by 6 months, and −0.01 dB [range −6.7 to 4.9 dB] by 1 year after surgery). Patients with normal RNFL thickness also showed better postoperative VA differences (0.2 by 1 week, 0.1 by 6 months, and 0.2 by 1 year after surgery) than those in the thin-RNFL group (−0.04 by 1 week, 0.01 by 6 months, and 0.04 by 1 year after surgery), but this difference was not statistically significant.
discussion
It is a matter of paramount importance to be able to predict outcome in patients who have lost vision by compressive optic neuropathy. When a parachiasmal menin- gioma begins compressing the axons of the anterior visual pathway, an immediate physiological conduction block ensues, consequently leading to loss of VF and VA. The slow, chronic nature of meningioma results in axoplasmic stasis before RGCs and nerve fibers are permanently damaged by progressive axonal injury unless timely decompression of the offender is achieved. Thus, visual recovery largely depends on reversible factors, such as removal of a physiological conduction block and restoration of ionic concentrations sufficient for signal conduction, and irreversible factors, such as the degree of demyelination and retrograde RGC degeneration. 5, 17 There have been several attempts to relate factors such as visual symptom duration before surgery, preoperative visual deficit, preoperative tumor size, and intraoperative and radiographic findings to visual prognosis (Table 3) . 1, 9, 19, 25, 26, 29 The results were often equivocal and inconsistent. Visual symptom duration before surgery and tumor size and consistency had no effect on visual recovery, as shown by this study.
Preoperative visual deficits, including those in VF and VA, proved to be significant prognostic factors. However, they are limited in terms of their ability to predict reversibility. Standard ophthalmic examinations, SAP, and visual evoked potentials are some of the tools that are still widely used to quantify preoperative visual deficits. It is unfortunate that SAP measures both dysfunctional and dead RGCs; as long as axons are dysfunctional and not dead, visual function is reversible. 5 Visual evoked potentials measure the amplitude and velocity of nerve conduction, which are decreased in compressive optic neuropathies and restored within minutes of surgical decompression 7, 11, 20 They reveal reversible functional loss but do not differentiate between reversible and irreversible factors and therefore lose their value as a prognostic tool. 3, 15, 28, 31 In addition, delayed latencies can also be observed in retinal dysfunction, which is unspecific for a compressive optic neuropathy. 12 In contrast, OCT can quantitatively measure reversible, viable axons by measuring RNFL thickness. Its value as a prognostic tool came to light in publications that proved that patients with normal preoperative RNFL thickness had more significant improvement in postoperative VF and VA than those who did not. 6, 13 As shown by this study, even with a severe, advanced preoperative VF defects or VA loss, patients with normal RNFL thickness recovered to near-normal visual function in the 1 year after surgery (Figs. 5 and 6). RNFL thinning primarily reflects axonal degeneration of optic nerve fibers, which eventually leads to the loss of RGCs 13 and makes visual restoration difficult no matter how minor the visual deficit is. This axonal degeneration also explains why patients with a thinner RNFL had a propensity toward worse preoperative VF and VA (Fig. 2) .
A tumor's adherence to the undersurface of adjacent brain tissue, optic canal invasion, and subsequent unroofing of the optic canal also showed predictive value for visual recovery. Tumor adherence to the undersurface of adjacent tissue, such as the optic nerve or chiasm, can lead to vascular disruption in this region during tumor dissection and result in visual impairment. 1, 29 Tumor extension into the optic canal has been reported to be responsible for visual worsening or lack of visual improvement after surgery in as many as 83.3% of patients. 25 In the present series, optic canal invasion accounted for 73.1% of the eyes with lack of visual improvement and 90.5% of those in the thin-RNFL group. Whether to unroof the optic canal in every patient with a visual impairment or only in those with optic canal invasion is still in dispute, because it can result in serious morbidities such as CSF leakage and optic nerve and vascular injuries. 34 Unroofing of the optic canal only after definite evidence of tumor extension into the optic canal after opening the falciform ligament was sufficient for visual recovery in this study. Selective extradural anterior clinoidectomy may also provide better access and exposure of the carotid-optic space and the structures around the optic canal, but it had no significant effect on visual outcome in this series. Tumor adherence, optic canal invasion, and unroofing of the optic canal all provided valuable prognostic clues to visual recovery. However, these factors were all surgical findings and procedures that could not be quantified and assessed precisely before surgery. In addition, 8 (29.6%) of 27 eyes with optic canal invasion and subsequent unroofing of the optic canal and 2 (15.4%) of 13 patients with tumor adherence to the undersurface of adjacent brain tissue showed visual improvement at last follow-up. Other than their normal RNFL thickness, no reasonable explanation was found for the improvements in these patients compared with the patients under the same conditions in the thin-RNFL group who showed no improvements.
The first sign of visual dysfunction in compressive optic neuropathy are VF changes that take place before VA deficits occur through RGC loss. 5 Conversely, VF improves within weeks to months after surgical decompression by removing the physiological conduction block and restoring signal conduction. 8, 33 Moon et al. 24 reported that it would take at least 3 months after surgical decompression for a significant reversible VF change to occur. VA may recover next, depending on the level of RGC restoration and remyelination, which can take years. 4, 18 These results are consistent with the findings of this study, in which VF recovery preceded VA recovery in patients with normal RNFL thickness. VF differences in patients with normal RNFL thickness were significant 6 months after surgery compared with the baseline and VA differences, which also improved 1 year after surgery, but they were not statistically significant. It is still unknown how long remyelination takes and how much of the physiological impulse can be regained by it. 4 However, VA differences in patients with normal RNFL thickness will likely be significant after longer follow-up. There were 6 (21.4%) of the 28 eyes with normal RNFL thickness that did not show VF improvement in this series. Their mean follow-up duration was 3.4 months (range 3.1-3.6 months), which was not long enough to see significant reversible visual changes. None of them had factors proven to be unfavorable to visual recovery. Nevertheless, their data were enrolled to assess the early visual changes of eyes with normal RNFL thickness.
Surgical trauma can be a confounder to visual outcome. The majority of previous studies that investigated the role of OCT as a prognostic tool strictly limited their data to those from surgery via the transsphenoidal approach (TSA), from which there is little surgical trauma. 6, 8, 13, 14, 16, 18 In this series, this potential limitation was overcome by using the data of only one neurosurgeon, who had > 10 years of experience in parachiasmal meningioma. A follow-up duration longer than that described in other OCT publications also made it possible to surpass the possible confounding effect of craniotomy (Table 3) .
The small number of patients enrolled was a weakness of this study. Compressive optic neuropathy of the anterior visual pathway often impairs VA and results in unreliable VF tests. Therefore, tight exclusion criteria were necessary to obtain unequivocal results. To overcome the variability of OCT RNFL measurements, repeating of OCT scans was necessary until a good, credible average value was obtained, which increased exclusions of patients with inadequate preoperative OCT data.
The variability of OCT RNFL measurements was another weakness. Normal RNFL thickness can have values that range from 50 to 130 µm because of the high variability of RGC numbers among individuals according to sex, race, and age. 27 There is no clear cutoff value for determining normal and thin RNFLs, which explains the discrepancy between RNFL thickness of eyes that had no VF improvement (mean 76.4 µm) and thin RNFLs measured by OCT (mean 67.2 µm). Although the 2 mean values had identical statistical significances in relation to preopera-tive, surgical, and postoperative parameters, there was 1 eye in the thin-RNFL group that showed VF improvement at the last follow-up. The RNFL thickness for this eye was measured to be 72 µm, which fell between the 2 mean values; this 1 eye also had severe preoperative VF, adherence of the tumor to the undersurface of adjacent brain tissue, and optic canal invasion. Hence, a thin RNFL does not necessarily preclude visual recovery, and preoperative visual deficit, optic canal invasion, and tumor adherence to the undersurface of adjacent tissue should not be interpreted as definitive criteria either. Instead, OCT should be used as an adjunct to the standard ophthalmic examination and SAP to help understand the course of visual recovery after surgery. It is our understanding that patients with normal RNFL thickness as measured by OCT have a better chance of visual improvement after surgery for parachiasmal meningioma. Even in patients with a thin RNFL, visual recovery might still occur, and surgical judgments should not be based on OCT findings.
conclusions
OCT can quantify and predict the reversibility of damaged axons by measuring RNFL thickness, which has significant value as a prognostic factor of postoperative visual recovery in patients with parachiasmal meningioma. Patients with normal RNFL thickness before surgery are more likely to experience visual improvement after surgery than patients with a thin RNFL.
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